Autosomal recessive Stargardt disease (STGD1, MIM 248200) is caused by mutations in the ABCA4 gene. Complete sequencing of ABCA4 in STGD patients identifies compound heterozygous or homozygous disease-associated alleles in 65 -70% of patients and only one mutation in 15 -20% of patients. This study was designed to find the missing disease-causing ABCA4 variation by a combination of next-generation sequencing (NGS), array-Comparative Genome Hybridization (aCGH) screening, familial segregation and in silico analyses. The entire 140 kb ABCA4 genomic locus was sequenced in 114 STGD patients with one known ABCA4 exonic mutation revealing, on average, 200 intronic variants per sample. Filtering of these data resulted in 141 candidates for new mutations. Two variants were detected in four samples, two in three samples, and 20 variants in two samples, the remaining 117 new variants were detected only once. Multimodal analysis suggested 12 new likely pathogenic intronic ABCA4 variants, some of which were specific to (isolated) ethnic groups. No copy number variation (large deletions and insertions) was detected in any patient suggesting that it is a very rare event in the ABCA4 locus. Many variants were excluded since they were not conserved in non-human primates, were frequent in African populations and, therefore, represented ancestral, and not disease-associated, variants. The sequence variability in the ABCA4 locus is extensive and the non-coding sequences do not harbor frequent mutations in STGD patients of European-American descent. Defining disease-associated alleles in the ABCA4 locus requires exceptionally well characterized large cohorts and extensive analyses by a combination of various approaches.
INTRODUCTION
Mutations in the ABCA4 gene are responsible for a wide variety of retinal dystrophy phenotypes from autosomal recessive Stargardt disease (STGD1) (1) to cone -rod dystrophy (CRD) (2, 3) and, in some advanced cases, retinitis pigmentosa (RP) (2, 4, 5) . While CRD and RP phenotypes are also caused by mutations in many other genes, ABCA4 is the only recognized gene responsible for STGD1 (MIM 248200), a predominantly juvenile-onset macular dystrophy frequently associated with early-onset central visual impairment, progressive bilateral atrophy of the foveal retinal pigment epithelium, and the presence of yellowish flecks, defined as lipofuscin deposits, around the macula and/or in the central and near-peripheral areas of the retina.
Over 800 disease-associated ABCA4 variants have been already identified (6) and the most frequent of these have been described in only 10% of STGD1 patients (7) . Several studies have identified frequent 'ethnic group-specific' ABCA4 alleles, such as the p.G863A/G863del founder mutation in Northern European patients (8) , the p.[L541P;A1038V] complex allele in patients of mostly German origin (3, 9) , the p.R1129L founder mutation in Spain (10), the p.N965S variant in the Danish population (11) and the p.A1773V variant in Mexico (12) .
Complete sequencing of the ABCA4 coding and adjacent intronic sequences in patients with STGD1 routinely discovers 80% of mutations with the fraction of patients harboring the expected two disease-associated alleles at 65-70%, with one mutation 15-20%, and with no mutations in the remaining 15% (13) . These fractions depend on many variables, most importantly the quality of the clinical diagnosis and the ethnic composition of the cohort. Most of the cases with no detected ABCA4 mutations likely represent phenocopies (13) ; i.e. in those patients mutations in other gene(s) cause a STGD1-like phenotype. However, based on the known carrier frequency of pathogenic ABCA4 variants, in most cases with one ABCA4 allele the second allele is expected to reside in the ABCA4 locus. It can present as a copy number variant (CNV, large deletion or insertion of one exon or more) which eludes detection by PCR-based sequencing techniques, a synonymous variant in the coding region, or a (deep) intronic variant, which may affect splicing or a regulatory region, such as a promoter or an enhancer (14) . Very few of these have been identified (13, 15, 16) .
This study was designed to find the missing ABCA4 mutations by a combination of next-generation sequencing, arraycomparative genomic hybridization (aCGH) arrays, in silico and RNA analyses, and segregation analyses in families.
RESULTS

Discovery of new disease-associated variants by next-generation sequencing
Sequencing of the entire ABCA4 genomic locus, at an average depth of coverage of 100×, in 130 patients with ABCA4-associated disease harboring one previously known ABCA4 disease-associated allele, and 6 patients with no known ABCA4 mutations, resulted in detecting 1745 different variants. Eighty-three of these were previously known disease-associated or benign variants from coding regions and pathogenic splice site variants. Six hundred and ninety-five (695) variants were also detected in 1000 Genomes Project or Exome Sequencing Project, with no statistically significant differences in allele frequencies between the general population and the patient cohort, unless the variants were on the same allele (haplotype) with the frequent known ABCA4 coding mutation, p.G1961E. Five hundred and twenty-six (526) variants were incorrectly called deletions or insertions from single nucleotide repeat areas (homopolymers) that have proven to be difficult for the NGS approach. We also experienced a relatively high A.C/C.A/ T.G/G.T false-positive calling rate with Illumina sequencing. The number of false positives can be reduced by more stringent criteria for variant calling; however, this may also exclude some real variants. After the filtering and verification steps 141 new intronic ABCA4 variants remained in 114 patients. In 22 patients with one previously known ABCA4 mutation, the second pathogenic ABCA4 allele was also found in the coding sequence or adjacent splice sites. In 6/22 cases this was due to reevaluation of several variants which had been classified as benign, e.g. p.G991R and p.A1773V. The remaining 16 cases represented false-negative results, probably due to technical reasons in the first, sequencing, step of the ABCA4 coding regions.
Of the 141 new possible candidates for disease-associated variants, two variants, c.4539+2064C.T and c.5461-1389C.A, were detected together (one the same chromosome) as a complex allele in four patients of Spanish or Italian descent ( Table 1 ). The c.5461-1389C.A variant is in an evolutionarily less conserved area, the c.4539+2064C.T variant is adjacent to the recently reported c.4539+2028C.T and c.4539+ 2001G.A variants from a conserved area (14) . According to predictive programs, none of these variants have any effect on splicing, whether on existing cryptic splice sites or on creating new sites. The c.4539+2064C.T and c.5461-1389C.A haplotype segregated with the disease in all three STGD1 families from Spain ( Fig. 1A -C ), and were absent in 100 matched Spanish control samples, making these variants very likely candidates for intronic ABCA4 mutations.
Two variants, c.5196+1056A.G and c.6006-609T.A, were detected in 3/114 unrelated patients each and were absent in 368 matched control samples. The c.5196+1056A.G variant segregated with the disease in two families; i.e. it was on a different chromosome than the proband's other ABCA4 mutation (Fig. 1D ). This variant is also predicted to strengthen a cryptic splice donor (Supplementary Material, Fig. S1A ). The variant was found, in addition, in 1/119 patients from our replication cohort of STGD1 patients with one known ABCA4 mutation and has been recently reported as a disease-associated allele (14) . The aggregate evidence suggests that the c.5196+ 1056A.G variant is a rare, deep intronic disease-associated allele.
The c.6006-609T.A variant, which does not have a predicted effect on splicing, was detected in 6/119 additional unrelated samples from our replication cohort of STGD1 patients with one known ABCA4 mutation. Two of these samples were from the Columbia University patient cohort and four from European cohorts including two from Denmark. The variant was not present in 368 European-American control samples, but was detected in 2/182 Danish control samples. While the frequency of this variant is 10× elevated in STGD1 patients as compared with all controls (1.9 versus 0.18%) and 3.5× if compared with Danish controls (0.55%), it is premature to unequivocally call the variant as associated with the disease.
Three variants, c.570+1798A.G, c.2161-8G.A, and c.859-9T.C were each detected in 2/114 different patients in our primary ABCA4 locus screening cohort, but absent in 368 control samples and also in 119 additional STGD1 samples from the replication cohort (Table 1 ). The c.570+1798A.G However, neither of these variants has been detected in the Exome Sequencing Project currently containing 4300 individuals of European-American descent and 2203 individuals of African-American descent. In addition to the 2/114 patients from the ABCA4 locus screening cohort, c.859-9T.C has been detected twice, in homozygosity, in STGD1 patients with no other known ABCA4 mutations, and in three more STGD1 patients in heterozygous state with one known ABCA4 mutation. Segregation analysis was possible in one family, and confirmed that the c.859-9T.C was not on the same chromosome with the proband's other mutation (Fig. 1E ). All evidence points to these three variants as being intronic disease-associated ABCA4 variants; the c.859-9T.C variant is discussed in detail below. Seventeen more new variants were detected twice in 114 patients from the locus screening cohort. Five of these variants were detected together in the same two patients both of whom also carried the most likely benign p.V931M variant, so these variants were eliminated from the pool of possible mutation candidates. Three more variants were on the same chromosome with the previously known ABCA4 exon variants, (with p.R212C, p.T1253M, and p.[L541P;A1038V]), respectively. Other variants were either in the same patients who already carried a stronger intronic mutation candidate (5) , not conserved in non-human primates (NHPs) (1), or were found in controls with similar frequency (1). None of them had a predicted effect on splicing. Among these variants are also the recently reported by Braun et al. c.4539+2028C.T and c.4539+2001G.A variants. Both variants were found in 2/114 samples in our primary cohort. The c.4539+2028C.T change was also detected in 2/ 119 patients of the replication cohort, a frequency significantly lower than reported by Braun et al. (14) .
The remaining 117 new ABCA4 intronic variants were only detected once each in 62 different patients with one previously known ABCA4 mutation. Twelve of these variants were predicted to have an effect on splicing ( Table 1 (14) c.5196+1137G.A variant was additionally found in nine STGD1 samples with one previously known ABCA4 variant ( Table 1) . Three of these patients were from Denmark, three were of African-American origin, and three of unknown ethnicity. Screening matched control cohorts revealed no carriers for this allele in 180 Danish control samples, but it was detected in 8/200 (MAF ¼ 2%) general population controls of AfricanAmerican descent, strongly suggesting non-pathogenicity. Additional support for this variant not being pathogenic comes from evolutionary analysis (see below). The human major allele c.5196+1137G is the minor allele in Macaca mulatta and the suggested mutant allele A is the major allele in macaques.
Analysis of regulatory sequences
To assess the effect of the new ABCA4 intronic variants on putative regulatory regions we compared their location against the chromosome coordinates of the DNaseI hypersensitivity and transcription factor binding regions from the ENCODE project. Since regulatory regions, in particular promoters, tend to be DNase sensitive, variants that fall within such regions may affect regulatory potential. Also, variants that are located in transcription factor binding sites may potentially have an effect on protein binding. The combined DNaseI hypersensitivity data were derived from 125 cell types, and the dataset for transcription factor binding regions involved 161 transcription factors in 91 cell types. Unfortunately the datasets did not contain eye-specific cell types or transcription factors. The defined regions were assigned normalized scores in the range of 0 -1000, with higher scores indicating stronger signal strength. Twenty-four of the 141 new ABCA4 intronic variants are located in regions with both DNaseI hypersensitivity and transcription factor binding scores of various strength (Supplementary Material, Table S1 ). Family members were available for segregation analyses in three cases. Variants c.570+1499C.A and c.67-3166C.T were on the same chromosome with the probands' other mutation, while c.571-1707C.T and c.5018+289T.C were both detected in one patient and on the different chromosome than this patient's other mutation, suggesting possible pathogenicity. Twenty-one variants fall within regions with only DNaseI hypersensitivity score, and 12 variants within regions of transcription factor binding consensus sequences.
The new ABCA4 intronic variants were also subjected to the Combined Annotation Dependent Depletion (CADD) algorithm (http://cadd.gs.washington.edu/score) (17) . The CADD algorithm combines a diverse array of annotations into one metric (C score) for each variant, ranking a variant relative to all possible substitutions of the human genome (17) . C score correlates with allelic diversity, pathogenicity and experimentally measured regulatory effects. A C score of .10 indicates that the variant is among the top 10% of most deleterious substitutions in the human genome. C scores for the new ABCA4 intronic variants range from 0.004 to 15.14 (Supplementary Material, Table S1), with nine variants resulting in a C score greater than 10. Four of those variants were already classified as possibly disease-associated due to their strong predicted effect on splicing ( Table 1) Table S1 ).
In summary, we found a very strong or a probable intronic mutation candidate in 27/114 (23.7%) patients with one existing definite ABCA4 mutation (Table 1) . No immediately plausible candidates for intronic mutations were found in 36/114 (31.6%) patients. The remaining 51 (44.7%) patients possessed one or more new intronic variants that were only detected once, had no effect on splicing according to prediction programs and, therefore, are very difficult to confirm or refute as diseaseassociated alleles with the available methods and the impossibility of obtaining the patient RNA. However, it is highly likely that a fraction of these are associated with STGD1.
Analysis of previously reported variants
Recently several ABCA4 intronic variants were suggested to account for a substantial fraction of pathogenic ABCA4 alleles (14) . Since we have directly sequenced the ABCA4 gene and flanking intronic sequences in .780 STGD1 patients and the entire ABCA4 genomic locus in 114 STGD patients with one Table 2) . The silent exonic p.V2114V variant, which we had described in our earlier study as a possibly disease-associated mutation (13), is very rare; it was detected in 1 out of 780 STGD1 patients ( Table 2 ). The 'near-exonic' c.4773+3A.G variant was not detected in any of our 780 patients. We were also unable to detect one of the remaining five 'deep intronic' variants (c.5196+1216C.A) in any patient with one mutation and the other four were seen, in total, in 9/114 (7.9%) STGD1 patients, a statistically significant difference from the Braun et al. data 10/28 (17.9%; P ¼ 0.001).
We then analyzed the evolutionary and/or ethnic origin of the variants focusing first on the most frequent variant in the Braun et al. study, c.5196+1137G.A. Evolutionary conservation of a nucleotide is one of the most important criteria for determining the pathogenicity of a variant, especially in a highly conserved gene such as ABCA4. The ABCA4 protein performs a very specialized function in the visual cycle; therefore it is exceptionally conserved in mammals and in all vertebrates with visual cycle. For example, the mouse and human ABCA4 proteins are 88% identical, allowing the human protein to perform the transport function in mouse (18) . The conservation extends beyond coding sequences and includes splice sites; in fact, the ABCA4 gene has the same structure, consisting of exactly the same 50 exons in non-human primates, such as Pan troglodytes and M. mulatta. The evolutionary conservation extends, in some regions, deep into the introns; for example, the 200 bp sequences surrounding the c.5196+1137G.A variant are 96% identical between human and macaque. Most importantly, M. mulatta has the adenosine nucleotide in human position c.5196+1137 (Fig. 2) , as a major allele with guanosine as a minor allele; i.e. a situation exactly the reverse to that observed in humans, suggesting that this is an ancestral variant and not a disease-causing mutation. To further prove this assumption, we screened 200 unrelated individuals from the general population of AfricanAmerican descent and identified eight heterozygotes, resulting in the allele frequency of 2%. The cohort of STGD1 patients at Columbia University contains 46 African-American patients of whom one carried the c.5196+1137G.A variant, resulting in the allele frequency of 1%, comparable to that in the general population. No other disease-associated ABCA4 variant was identified in this patient. In addition, we detected the c.5196+1137G.A variant only once in 114 STGD1 patients (allele frequency 0.4%) of European descent in the Columbia cohort (Tables 1 and 2 ). However, it was found in 3 out of 24 STGD1 patients (allele frequency 6.25%) in a STGD1 cohort from Denmark (Table 1 ). Interestingly, all three patients derived from the same region in Denmark, suggesting either admixture, or that this variant may be more frequent also in some (isolated) ethnic groups other than of African descent since the variant was not detected in 180 unaffected Danish individuals from Copenhagen. Finally, RNA analysis from macaque homozygous for the A allele at the human position c.5196+1137 clearly showed no effect on splicing (Fig. 2) , which eliminates the c.5196+ 1137G.A variant as possibly pathogenic in STGD1 patients.
The three remaining deep intronic variants described by Braun et al. disease-associated mutation. The other two are not predicted to affect splicing and are too rare to investigate by other means, so the pathogenicity of these variants remains unconfirmed.
New frequent intronic variant in STGD1 patients of Asian Indian descent
As described above, we detected the c.859-9T.C variant in 2/ 114 patients in our primary ABCA4 locus screening cohort. Since the c.859-9T.C variant weakens the existing splice acceptor only by 14%, we initially did not consider the variant a strong candidate for disease association. However, subsequently the variant was detected in homozygous state in two STGD1 patients who did not harbor any other exonic or intronic ABCA4 mutations and, heterozygously, in three more STGD1 patients with one known ABCA4 mutation. Review of the ethnic origin of all these patients determined that they were all of Asian Indian descent originating from either Pakistan, India or Bangladesh. Segregation analysis was possible in one family, and confirmed that the c.859-9T.C segregated with the disease (Fig. 1E) ; i.e. it was in trans configuration with the second ABCA4 mutation, c.5917del, in the proband. The c.859-9T.C variant is adjacent to ABCA4 exon sequences and is, therefore, detected also by exome sequencing, or by direct sequencing of ABCA4 coding regions. However, it has not been detected in the Exome Sequencing Project currently containing 4300 individuals of European-American descent and 2200 individuals of African-American descent. It was also absent in 368 control samples and also in 119 additional STGD1 samples of European-American descent with one known ABCA4 mutation (Table 1) . Further screening in Asian-Indian population did not detect this variant in 120 subjects, both from the general population (50 individuals), or from the patients affected with Leber congenital amaurosis or Leber hereditary optic neuropathy (70 cases). Altogether, the data suggest that the variant is not frequent in the ethnically matched general population and is very frequent in Indian patients with STGD1 (7 alleles in 15 patients-23.3%) suggesting that the c.859-9T.C variant is a frequent disease-associated ABCA4 allele in patients of Asian-Indian origin.
Analysis of the copy number variants by aCGH arrays
Few lines of evidence have suggested that some diseaseassociated ABCA4 alleles can present as CNVs, mostly in the form of large deletions encompassing one or more exons (15) . These reports have been rare, so we reasoned that a small fraction of missing ABCA4 alleles might present as CNVs. In total of 104 STGD1 patients with one known ABCA4 allele and 5 patients with no ABCA4 mutations were screened on the custom CGH arrays, 57 of these were also included in the locus sequencing. aCGH data of the total number of 109 samples was analyzed by using Agilent Genomic Workbench (version 7.0), where CNVs were called by using ADM-2 algorithm with threshold of 4.0. No large (.500 bp) CNVs were identified in the ABCA4 locus, while ultra-small, seemingly true-positive CNV calls were further validated by PCR, which did not confirm any, reflecting the decreased accuracy of aCGH for the ultrasmall CNVs Since the array contained several genes in the CFH locus with known frequent CNVs and confirmed in a positive control a heterozygous 1030 bp deletion in the ABCA4 locus, we can exclude any technical issues and conclude that, despite reports of CNVs (mainly large deletions) in 1 -2% of STGD1 patients, these events are likely much more rare and the CNVs do not account for a reasonable fraction of missing ABCA4 alleles in all populations studied.
DISCUSSION
The ABCA4 gene was described as the causal gene for STGD1 17 years ago (1) and has been subjected to intensive genetic research; however, the complete understanding of genetic causality has yet to be elucidated. Major factors challenging genetic analysis are: (1) the size of the gene, (2) the exceptional genetic heterogeneity, (3) the expression of the gene in only photoreceptors, rods and cones and, consequently and most importantly, (4) the impossibility of obtaining retinal tissue samples in vivo from patients for RNA analyses. Until recently, even the analysis of amino acid-changing variants was stymied by the lack of a direct functional assay; these analyses were limited to indirect in vitro studies of the transporters' ability to bind and/or hydrolyze ATP (19, 20) . This problem has been somewhat alleviated by the recent studies of Molday et al. (21, 22) , where direct transport assays, albeit still in vitro, have been proposed and successfully used for several ABCA4 missense alleles. Large-scale use of the assay for hundreds of documented ABCA4 variants is still time-and cost-prohibitive. However, the functional analyses of variants that do not affect the protein sequence directly, such as splicing defects and variants in regulatory regions likely modulating levels of expression, remain refractory to experimental verification.
Some studies (9, 14) have employed the 'illegitimate transcript' or 'minigene' strategies to assess the effect of certain variants on splicing, but these studies have serious limitations (in part stemming from the word 'illegitimate') and the results, while suggestive, cannot be considered unequivocal, as also demonstrated in the current study. With the lack of patient RNA for direct structural and expression studies, the analysis is limited to the assessment of variant frequencies in STGD1 patients and in the matched general populations, to in silico suggestions by predictive software programs, and to segregation analyses in families. The latter approach is also seriously hampered by the fact that most variants in ABCA4 coding and noncoding regions are extremely rare, most often represented in singleton cases and the available families/pedigrees are usually nuclear, i.e. mostly very small, where the segregation analysis has a very limited power.
In the current study of non-coding genetic variation on the largest STGD1 cohort analyzed to date, we were able to (almost) unequivocally assign pathogenicity to only 12/141 variants in intronic sequences of ABCA4. Most of the variants which occurred only once in the ABCA4 locus cannot be called especially when the predictive programs do not suggest any effect on splicing. Moreover, the assessment based on predictive programs is not unequivocal, several studies have suggested that molecularly confirmed predictions range from 70 to 80% (23) . One has to take into account the fact that assessment of the effect on splicing addresses just one possible mechanism for non-coding sequences. Effect on these on other regulatory elements affecting the gene expression, such as transcription factor binding sites, enhancers, promoters, etc., is still very difficult to assess in most cases (24) . The best known example of an intronic variant in the ABCA4 locus is the c.5461-10T.C variant in intron 38, which is the second or third most frequent variant (found in 7% of STGD1 patients of European descent) after the p.G1961E and p.[L541P;A1038V] mutations (13) . The c.5461-10T.C variant always segregates with the disease phenotype in families, is very rare in the general population (,0.001) and is shown not to affect splicing in a minigene approach (9) . Since there is no mutation in the ABCA4 coding sequence on the same chromosome with the c.5461-10T.C variant, the latter has to be a disease-associated mutation, although its functional consequences remain unknown.
A recent study suggested a few deep intronic variants in the ABCA4 locus which were associated with STGD1 in a large fraction, up to 50%, of patients with one exonic mutation. Our detailed analysis of these data with a multi-faceted approach on a much larger cohort of European-American descent could not confirm these conclusions. Specifically, the reported variants were much, 10 -50 times, rarer than originally claimed ( Table 2 ) and some of them were deemed not associated with STGD1 after evolutionary and RNA analyses employing NHPs (Fig. 2) . Concerns also include the ethnic origin and relatedness of patients in cohorts described by Braun et al. (14) , since the statistically significant difference in allele frequencies between two studies can occur, excluding technical issues, for two main reasons: (1) cohorts include related subjects or, (2) difference in the racial or ethnic origin of the cohorts. For example, recently several missense ABCA4 variants that were originally considered pathogenic since they were very rare in populations of European descent have now been classified non-pathogenic since they are major alleles (i.e. the 'wild-type' variants) in non-human primates (e.g. p.R1300Q) and/or frequent in some racial and ethnic groups, for example, in African-Americans (e.g. p.L1201R, p.R1300Q and p.V643M) (25) .
In summary, the analysis of the entire ABCA4 locus in large cohorts of STGD1 patients revealed the following:
(1) The genetic variability in the non-coding sequences in the ABCA4 locus, similar to the coding sequences, is exceptionally vast. Analysis of the pathogenicity of specifically intronic ABCA4 variants, which affect splicing and regulatory regions influencing the gene expression, is complicated due to the impossible task of obtaining RNA from photoreceptor cells from affected individuals in vivo. Studying iPS cells obtained from individual patients, which are then directed towards differentiating into photoreceptors with the goal of expressing ABCA4, could be a plausible approach.
MATERIALS AND METHODS
Patients
STGD1 patients (255) were, after written informed consent, recruited and clinically examined during a 10-year period in different centers in the USA, Italy, Spain and Denmark. Control cohorts included samples from centers in the USA, Spain and Denmark. In total, 255 patients, and 918 control samples were included in the analyses.
Our primary locus sequencing cohort of 136 samples consisted of 49 STGD1 patients from Columbia University, 22 from the University of Illinois at Chicago and the Pangere Center at the Chicago Lighthouse, 22 from UCLA, 25 patients from Italy and 18 from Spain. The second, validation/replication cohort consisted of 119 STGD1 patients from the same centers. Age of onset was defined as the age at which symptoms were first reported. Visual acuity was measured using the Early Treatment Diabetic Retinopathy Study Chart 1 or a Snellen acuity chart. Clinical examination, fundus photography, fundus autofluorescence and spectral domain-optical coherence tomography (SD-OCT) (Heidelberg Spectralis HRA + OCT) were performed using standard acquisition protocols following pupil dilation with Tropicamide 1% and Neosynephrine 2%. All research was carried out with the approval of the Institutional Review Boards at the respective centers and in accordance with the Declaration of Helsinki.
M. mulatta samples
DNA samples from 86 unrelated rhesus macaques (M. mulatta) from NHP colonies at the National Institutes of Health and the Primate Facility at the University of Oregon were genotyped for the c.5196+1137G.A variant.
Sequencing
The first set of 48 patients were sequenced using RainDance microdroplet-PCR target enrichment (RainDance Technologies, Billerica, MA) with subsequent sequencing on Roche 454 platform (454 Life Sciences, Branford, CT). We targeted the genomic region chr1:94 453 727 -94 595 732 (GRCh37/hg19 Assembly); including the ABCA4 genomic locus chr1:94 458 394-94 586 705 and 9027 bp of 5 ′ UTR and 4667 of 3 ′ UTR sequences. The design covered 100% of the targeted area via 473 amplicons of 350 -500 bp.
The second set of 95 patient samples were analyzed by the Illumina Truseq Custom Amplicon target enrichment strategy followed by sequencing on Illumina MiSeq platform (Illumina, San Diego, CA). The Illumina design targeted the genomic region 94 456 700-94 591 600, including the ABCA4 locus, and 4895 bp of 5 ′ UTR and 1694 bp of 3 ′ UTR sequences. The region was divided into nine targets, with seven 500 bp and one 1100 bp gap introduced into the repeating elements. The cumulative target via Illumina design involved 130 319 bp, covered by 94% with 421 amplicons of 425 bp. The nextgeneration sequencing reads were analyzed using the variant discovery software NextGENe (SoftGenetics, State College, PA). The reads were aligned against the targeted region in the reference genome GRCh37/hg19. For a variant to be called, we required the read containing the variant to match 85% to the Foundation, Chicago Lighthouse, FIS PI13/00226 & CIBERER from ISCIII, Madrid, Spain, ONCE and Fundaluce (Spain).
